The high-dose and high-temperature monitors of reactor irradiation based on insulators  by Stepanov, V.A. et al.
Available online at www.sciencedirect.com 
Nuclear Energy and Technology 1 (2015) 93–98 
www.elsevier.com/locate/nucet 
The high-dose and high-temperature monitors of reactor irradiation 
based on insulators 
V.A. Stepanov a , ∗, E.I. Isaev a , L.M. Krukova b , c , O.A. Plaksin a , d , P.A. Stepanov a , e , V.M. Chernov b , c 
a Obninsk Institute for Nuclear Power Engineering, National Nuclear Research University (MEPhI), 1 Studgorodok, Obninsk, Kaluga Region 249040, Russia 
b National Research Nuclear University (MEPhI) 31 Kashirskoe Highway, Moscow 115409, Russia 
c A.A. Bochvar Research Institute of Inorganic Materials, 5a Rogov Street, Moscow 123098, Russia 
d State Scientific Center of Russian Federation – Institute for Physics and Power Engineering, 1 Bondarenko Square, Obninsk, Kaluga Region 249033, Russia 
e Obninsk Research and Production Enterprise «Technologiya», 15 Kievskoe Highway, Obninsk, Kaluga Region 249031, Russia 
Available online 28 February 2016 
Abstract 
Radiation-induced changes of the structure and properties have been investigated for oxide and nitride materials, and the use of high-temperature 
insulators as temperature/dose monitors for in-reactor irradiation of materials test assemblies has been validated. 
It has been experimentally shown that the use of Al 2 O 3 single crystals and BN ceramics provides means of monitoring the temperature of 
irradiation from 370 to 1900 K. The temperature is derived from measurements of the optical absorption or X-ray diffraction line shifts after 
post-radiation annealing of the monitors. We discuss the applicability of (a) the optical absorption and F-center luminescence spectroscopies of 
irradiated Al 2 O 3 single crystals for gamma dose evaluation and (b) the isotopic analysis of irradiated BN ceramics for neutron dose evaluation. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by Elsevier 
B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Tntroduction 
Clarification of the conditions of high-temperature and high-
ose nuclear reactor irradiation of materials is an important and
opical problem for the experimental radiation materials science. 
n-situ monitoring is of extreme importance for nuclear power
eactors, for which the local irradiation conditions (temperature,
oses) are usually calculated (for a given reactor power, neu-
ron and gamma-ray spectra, heat flux, etc.) or evaluated with
he help of various passive monitors placed in the locations of
nterest. Post-radiation examination of the monitors, their struc-
ure, properties and isotopic composition, is capable of providing
ecessary data on the irradiation conditions (doses, and temper-
tures). ∗ Corresponding author. 
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452-3038/Copyright © 2015, National Research Nuclear University MEPhI (Mosco
his is an open access article under the CC BY-NC-ND license ( http://creativecommRadiation-induced changes of structure (various radiation- 
nduced defects) and physical properties of materials are usu-
lly dose- and temperature dependent. During long-term con-
inuous irradiation, the defects accumulated in the materials are
olely those survived at the maximum irradiation temperature,
nd other defects are annealed at lower temperatures. Accord-
ngly, the irradiation temperature can be derived from a depen-
ence A ( T ) of a structure-sensitive property A of the irradiated
aterial on the post-irradiation annealing temperature T ( Fig. 1 ).
his method is not reliable if the irradiation temperature varies
ignificantly in the course of irradiation. In this case, the depen-
ence A ( T ) must be associated with the temperature regime at
he end of irradiation. 
Nevertheless, at steady-state temperature conditions this
ethod can be useful, especially in combination with other
ethods of temperature measurement, for example, with the use
f fuse monitors (fuse temperature monitors), or computational
ethods. 
In this paper we substantiate the use of high-temperature in-
ulators as monitors for a wide range of irradiation temperaturesw Engineering Physics Institute). Production and hosting by Elsevier B.V. 
ons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Determination of the irradiation temperature with the help of series of 
post-radiation annealing and measurements of a material property A . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical absorption spectra of sapphire irradiated by 210 MeV Kr + ions 
(300 K). 
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b  and doses. To substantiate the use we consider radiation-induced
structural changes and related post-irradiation physical proper-
ties of insulators. 
Radiation monitors based on oxides and nitrides 
To observe the irradiation temperature at the plot of depen-
dence A ( T ), it is necessary to measure the property A of a monitor
material in a wide temperature range. High-temperature insula-
tors, for example, oxides or nitrides (Al 2 O 3 , MgO, MgAl 2 O 4 ,
BN, Si 3 N 4 , SiC) with melting temperatures from 2000 (Si 3 N 4 )
to 3000 K (BN), provide the temperature range for annealing
of radiation defects that is much wider than the metals can pro-
vide, and the upper annealing temperature limit can reach the
melting temperature of the insulator. The latter is due to the
fact that irradiation of oxide or nitride insulators not only gen-
erates various lattice defects, as it happens in irradiated metals,
but also results in the formation of local nonstoichiometry and,
moreover, the precipitation of new phases [1] . It is worth noting
that a much larger number of structure-sensitive properties A ( T )
can be analyzed for the insulator monitors, including dielec-
tric permittivity, loss tangent, luminescence, UV–vis–IR optical
absorption, electrical resistance, etc. To study the phase compo-
sition and stoichiometry of irradiated insulators, both X-ray and
lattice-vibration spectroscopy can be used [2,3] . 
As an example, optical measurements conducted for sapphire
( α-Al 2 O 3 single crystal) can be mentioned. Irradiation generates
oxygen-deficient regions and optically active oxygen vacancies
(F-centers) in sapphire [4] . Typical spectra of radiation-induced
optical absorption of sapphire are shown in Fig. 2 . Effect of ther-
mal annealing on optical absorption of the sapphire irradiated
in a BR-10 reactor (SSC RF – IPPE) has been studied. Reactor
irradiation to the fluence of 1.5 10 21 neutrons/cm 2 gave rise to
the background absorption in the wavelength range from 215 to
560 nm, and bands of optical absorption at 413, 256, 227 and
205 nm were observed. During thermal annealing, the optical
absorption changed at temperatures ranging from 350 to 900 K.
The temperature of the annealing onset for the 413 nm band
corresponded to the temperature of post-irradiation storage. During irradiation, radiation-induced oxygen vacancies per-
etually change their valence states from F + - to F-centers (pos-
tively charged and neutral oxygen vacancies, respectively) and
ice versa. These centers give rise to optical absorption bands at
05–256 nm, as well as the photoluminescence bands at 413 nm
F centers) and 328 nm (F + -centers) [4] . As is also, optical mea-
urements allow one to evaluate the absorbed gamma dose via
ptical absorption and luminescence intensity. Changes of opti-
al absorption of gamma-irradiated sapphire in the range of the
undamental absorption edge (200–300 nm) were observed at
nnealing temperatures exceeding of 370 K. 
emperature monitors based on BN 
Various materials sorts of graphite-like boron nitride (BN)
re known: 
– ceramics fabricated by the hot pressing; 
– ceramics fabricated by the reaction sintering of a pressed
mixture of boron powder and turbostratic boron nitride [7]
via annealing in nitrogen atmosphere; 
– pyrolytic layers fabricated by the method of chemical vapor
deposition, using BF 3 (BCl 3 ) and NH 3 [8] as reagents. 
Ceramic boron nitride is an isotropic material with a crystal
rain size in the range of 100–1000 nm. Pyrolytic boron nitride
s a significantly textured nanocrystalline material with a spe-
ific structural hierarchy [9] . Aggregates of sizes up to 2000 nm
onsist of grains of size approximately 100 nm, the latter con-
ists of weakly misaligned tiny crystals of 30–60 nm in size
 Fig. 3 ). 
A specific feature of the crystal structure of the graphite-like
N is the presence of isomorphic phases with different interlayer
istances. Their structures comprise both the irregular order of
asic planes of the hexagonal phase AA’AA’ and the stacking
aults of AA’BAA’ type that are in fact fragments of the rhom-
ohedral phase [5] . Different phases can join coherently within
V.A. Stepanov et al. / Nuclear Energy and Technology 1 (2015) 93–98 95 
Fig. 3. AFM images (5.5 μm) of the pyrolytic boron nitride before (left) and after (right) 18 keV Ar + ion irradiation (660 K, ion current density 25 μA/cm 2 ). 
Fig. 4. X-ray (CuK α radiation) diffraction band (002) for the pyrolytic (left) and ceramic (right) BN: 1 – unirradiated; 2 – reactor-irradiated; 3 – annealed at 770 K; 
4 – annealed at 1770 K; 5 – annealed at 1870 K. 
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o   crystal grain. This specific feature of the crystalline structure
esults in a complex structure of the X-ray diffraction bands
002) and (004) of pyrolytic boron nitride, and even splitting
nto several narrow lines corresponding to isostructural phases
ith different interplanar distances may take place [6,10] . Non-
quilibrium conditions during synthesis or irradiation give rise
o substantial increase in number of the isomorphic phases in the
raphite-like BN structure, resulting in a substantial broadening
nd shift of the X-ray bands (002) and (004) to the low-angle
egion. This effect allows one to relate the irradiation conditions
o structural changes of BN monitors. It is important that thetructural relaxation of graphite-like BN structures is observed
t annealing up to high temperatures. Changes in the position of
he (002) band were observed at annealing temperatures from
00 to 1900 K for various BN ceramics and pyrolytic materials.
Ceramic and pyrolytic BN specimens were irradiated in the
R-10 reactor (SSC RF - IPPE) up to the fluence of 1.5 10 21 
eutrons/cm 2 at temperatures from 670 to 690 K in argon at-
osphere. Post-irradiation and post-annealing structure states
ere characterized by the shape and position of the X-ray band
002) ( Fig. 4 ). Irradiation caused the midline of the (002) band
f pyrolytic specimens to shift to low-angle region. The midline
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Fig. 5. Determination of the irradiation temperature from variations of the interplanar distance for the ceramic (cBN) and pyrolytic (pBN) boron nitride annealed at 
various temperatures ( T ). 
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e  was used to calculate a mean interplanar distance corresponding
to (002) planes. After irradiation this band revealed its complex
structure that can be attributed to the presence of many isomor-
phic phases with slightly different interplanar distances in the
crystal structure. After annealing the complex structure of the
(002) band of pyrolytic materials was also observed. Changes in
the position of the X-ray band (002) of ceramic specimens were
similar to those observed for pyrolytic BN. Determination of the
irradiation temperature from the data of X-ray measurements is
presented in Fig. 5. 
It is worth noting that both for pyrolytic and ceramic BN the
maximum of the (002) band shifted to the large angle region
(shorter interplanar distance) after annealing at 1770–1870 K as
compared to its position for unirradiated materials. This suggests
the irradiation and subsequent annealing gave rise to structural
ordering and resulted in formation of more regular structure as
compared to the unirradiated of materials. According to the pa-
pers [6,9,10] , electron or gamma irradiation results in no struc-
ture transformation in the BN materials. Therefore, monitors
based on BN can be used for evaluation of the irradiation tem-
peratures in a course of purely damaging (neutron, heavy ion)
irradiation. 
The optical absorption of graphite-like boron nitride can be
measured for thin (up to 100 μm) pyrolytic layers. Reactor irra-
diation causes the optical absorption of pyrolytic BN to increase
in the UV and visible ranges. A significant optical loss due to
light scattering usually contributes to optical absorption of poly-
crystalline materials. The optical loss can be observed as a back-
ground with typical wavelength dependence, namely, the optical
loss monotonously increases with decreasing the wavelength. To
observe radiation-induced optical centers it is necessary to elim-
inate the background from the optical absorption spectra. The
optical loss α( λ) caused by the light scattering is described by lhe Raleigh theory [11] for scattering particles with sizes much
maller than the light wavelength 
= K r 3 · l 0 4 / ( l 2 − l 0 2 ) 2 , 
here r is the size of the domain of coherent light scattering
for example, the size of crystallites); λ0 is the light wave-
ength corresponding to the band gap; K is a constant depend-
ng on the material properties. The same mean sizes 〈 r 〉 of
bout 40 nm were derived from the optical absorption spec-
ra for irradiated and unirradiated pyrolytic BN. These domain
izes are equal to the minimum size of the nanostructure ele-
ents (see Fig. 3 ). It is worth noting that irradiation results in
he ordering of the nanostructure without changing its smallest
lements. 
By subtracting the calculated optical loss caused by the light
cattering, that is, by subtracting the background, one can de-
ive the true radiation-induced optical absorption spectrum for
yrolytic BN ( Fig. 6 ). As a result, several band of optical ab-
orption corresponding to radiation-induced centers can be ob-
erved. Thermal annealing in the temperature range 700–1300 K
liminates the bands at 600–700 and 490 nm, but defects asso-
iated with absorption at 435 nm cannot be fully annealed even
t 2000 K. According to the paper [6] , annealing at T > 1300 K
estores the optical transmission observed before neutron irra-
iation of pyrolytic BN. 
In measurements of the electro-physical properties of BN
onitors one should take in account that the neutron irradia-
ion up to a fluence of 10 20 neutrons/cm 2 has almost no ef-
ect on the dielectric permittivity and loss tangent [6] . An-
ealing at T > 1300 K of pyrolytic BN irradiated to flu-
nces higher than 10 20 neutrons/cm 2 restores initial dielectric
osses. 
V.A. Stepanov et al. / Nuclear Energy and Technology 1 (2015) 93–98 97 
Fig. 6. Optical spectra of pyrolytic BN. ( а ) Optical transmission spectra of pyrolytic BN before (1) and after (2) 7 MeV proton irradiation (300–400 K, fluence 
5.2 10 15 protons/cm 2 ); (b) calculated spectrum of radiation-induced optical density ( αd ). 
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Fig. 7. Mass spectra of neutron-irradiated BN ceramics ( E > 0.1 MeV, fluence 
21 2 ose monitors based on BN 
BN materials can be used to derive the neutron fluence from
oncentration variations for В10 , В11 and Li 7 isotopes. The vari-
tions of the isotope composition occur owing to nuclear trans-
utations. The В10 isotope, with its concentration of 19% in
atural compositions of boron-containing materials, transmutes
o Li 7 due to the (n, α)-reaction. A non-calibrated mass spectrum
or the reactor-irradiated ceramics of graphite-like BN is shown
n Fig. 7 . Although the mass spectrum is non-calibrated the rela-
ive variations of isotope concentrations can be calculated from
he heights of В10 , В11 and Li 7 lines. 
The burn-up of B 10 can be derived from IR spectra. For
his purpose, hexagonal BN is decomposed in the fluorine flow 1.47 10 neutrons/cm ). 
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Fig. 8. Spectrum of IR transmission for BF 3 gas with the natural concentrations 
of boron isotopes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R
 
 
 
 
 
 
 
 
 
[  
[  at room temperature, and BF 3 gas is formed. The IR trans-
mission spectra of the gas formed are measured in the range
of 1300–1600 cm −1 , where the absorption bands correspond-
ing to stretching vibrations of BF 3 molecules can be observed
( Fig. 8 ). Vibrations of boron isotopes are distinguished very well,
the corresponding isotope shift is equal to 50 cm −1 . The con-
centration ratio В10 / В11 corresponds to height ratio of absorption
bands 1505/1455 cm −1 . Chemical decomposition of BN can be
achieved in the chlorine flow as well, at the temperature of red
heat. In the latter case IR spectra should be measured the range
of 900–1050 cm −1 . The ratio of В10 / В11 is derived from height
ratio of absorption bands of stretching vibrations BCl 3 , 1010
and 950 cm −1 respectively. 
Conclusion 
1. Results on radiation-induced changes of structure and prop-
erties of high-temperature insulators (Al 2 O 3 , BN) have been
analyzed. It has been shown that these materials are promis-
ing for use as monitors of in-reactor conditions for irradiation
of materials test assemblies in a wide range of temperaturesand doses. The temperature in material testing assemblies un-
der irradiation is evaluated from dependencies of structure-
sensitive properties of the irradiated material on the temper-
ature of post-irradiation annealing. 
2. It has been shown that the temperature of reactor irradiation
in the range from 350 to 900 K can be evaluated from the
optical absorption spectra of irradiated Al 2 O 3 single crystals
in the range 400–500 nm, and absorbed gamma dose can be
evaluated optical absorption and luminescence of F-centers
of this material. 
3. Monitors made of ceramic or pyrolytic BN can be used for
evaluation of the temperature of irradiation in the range from
500–1900 K. Necessary information can be obtained from
the shifts of the X-ray diffraction band (002). It has been
shown that the shifts that are due to the structural relaxation
and the variation of isomorphic phase concentrations in the
graphite-like crystal structure of BN. 
4. The temperature of reactor irradiation in the range from 700 to
1300 K can be evaluated from the optical absorption spectra
of irradiated pyrolytic BN in the range 400–500 nm. Neces-
sary radiation-induced optical absorption can be observed if
the optical loss due to light scattering is eliminated. 
5. The BN materials can be used to evaluate the neutron flu-
ence, with the help of measurements of relative concentra-
tions of В10 , В11 and Li 7 isotopes by the methods of mass-
spectrometry and lattice vibration spectroscopy. 
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